Demineralized dentin matrix (DDM) granules with excellent biocompatibility were designed using extracted human teeth by the cooling-pulverizing and supersonic demineralizing technique. Extracted teeth were pulverized together with saline ice at 12,000 rpm of a ZrO2 blade for 30 s in a ZrO2 vessel. The pulverized granules having 0.5-2.0 mm in granular size were dissolved by the supersonic treatment at 120 W and 38 kHz or 600 W and 28-100 kHz in 2.0 % HNO3 solutions to obtain partially or completely DDM granules. Dissolution efficiencies of the pulverized granules increased with increasing the supersonic time. At 600 W, dissolution efficiencies for DDM treated at 28 kHz were higher than those at other frequencies. The Ca/P molar ratios of the granules were 1.60-1.66, suggesting that partial DDM granules were composites of Ca 2+ -deficient hydroxyapatite (HAp) and collagen. At 120 W, as supersonic time increased, asperity on the surfaces of granules became outstanding due to elution of mineral components. At 45 min, DDM granules were completely demineralized and the weight decreased to about one-fifth. Hard asperity on surfaces and micro-crack were observed. Partially or completely DDM granules were implanted into the subcutaneous tissues of the back region of rats. At 4 weeks, completely DDM granules had a little smaller and more irregular shape than partially DDM ones. Infection and exclusion of DDM granules were not recognized, but inflammatory cell invasion was seen through bio-absorption of DDM due to the enzyme-digestion. To improve surface activity of DDM, DDM granules were soaked at 309.5 K and pH 7.40 in a simulated body fluid. At 48 h, HAp nano-crystals were almost homogeneously coated on the surfaces of completely DDM granules, while at 144 h, porous bone-like apatites were found. The HAp nano-crystals coating for DDM granules would form bioactive surface with specific pore structure and chemical nature.
Introduction
With the advent of the graving society, safe and easy cures for periodontal disease or bone disease have been required. Nonabsorbable biomaterials are foreign bodies for living tissues and they are encapsulated and excluded by granulation tissue or fibrous connective tissue. Absorbable biomaterials synchronizing with bone metabolism are essential for bone-regeneration 1) . Therefore, in clinical medicine and dentistry fields, organic and inorganic composites keeping appropriate balance between bio-absorption velocity and mechanical strength for implanting parts and situations of patients are expected to substitute for the surrounded tissues on bone formation or bone-regeneration. Living tissuesoriginated materials have the grain morphology, surface structure and chemical nature that are created by life form, because they inevitably contain very small amounts of metal ions and cytokines in vivo environment. The three-dimensional porous structure constructed by cells supplies environment conditions suitable for proliferation, differentiation, and migration of cells 2) .
In the bone formation operation, deficient parts of the skeleton for patients have been reconstructed or regenerated by implanting fresh and autogenous bone as reasonable standard materials. To get beyond the need for harvest of grafts, a lot of studies for bone substitute or bone production via bio-engineering have been carried out 1, 3) . Generally, unnecessary human teeth (extracted human teeth) are discarded as infective medical wastes. Since demineralized dentin matrix (DDM) originated from human teeth is an osteoinductive and acid-insoluble collagen-matrix, the DDM granules treated by strong acids can be recycled as carriers containing bone growth factors for their own bone-regenerative therapy 3, 4) . So we have been investigating osteoinduction and bioabsorption characteristics of human dentin to propose a medical recycle technique of human teeth for bone-regeneration. In 2006, we developed the newly cooling-pulverizing apparatus for teeth that was equipped by a ZrO 2 rotational blade and a ZrO 2 vessel 3, 5) .
Using this apparatus, human teeth were easily pulverized to get the appropriate granules in particle size tailored for doctors. The pulverized granules were dissolved by HCl or HNO 3 dilute aqueous solutions to obtain DDM granules controlling release velocity of bone growth factors, such as BMP. The DDM granules were implanted into the subcutaneous tissue of the back region in Wistar rats. At 2 weeks after the implantation, the granules having dense surface structure and a lot of dentinal tubules were covered by thin fibrous film. At 4 weeks, partial resorption lacuna and osteoinduction on the surface layers of the granules were recognized 3) . So far, DDM granules were successfully applied as excellent bio-absorbable and osteoinductive biomaterials for 50 cases of clinical studies for the patient's own bone-regeneration at University hospitals, public hospitals, and general dental clinics in Japan 3, [5] [6] [7] . Nowadays, these human teeth-originated materials are spreading as realistic alternatives to the bone grafting in other Asian countries as well as Japan and Korea [3] [4] [5] .
Concerning the demineralization process of human teeth, the dissolution accompanying supersonic treatment is probably a convenient and effective method for production of bio-absorbable and bioactive biomaterials. Supersonic wave can bring bubble cavitation and make hot spot 8) . In the hot spot, many chemical reactions are activated by the formation of radical groups and the locally rising temperature 9) . The dissolution efficiency of porous hydroxyapatite (HAp: Ca 10 (PO 4 ) 6 (OH) 2 ) products by the supersonic treatment drastically increased with time, depending on the porosity of ceramics and the concentration of HNO 3 aqueous solution 2, 10) . For even dense HAp products, enhancement of micropores and propagation of micro-cracks were recognized by the supersonic technique at 120W, 38 kHz, and pH 1.0 for 10-20 min.
The supersonic treatment of DDM granules in acid solutions will drastically change the microstructure without denaturation of proteins and produce biomimetic scaffolds which control BMPrelease and bio-absorption characteristics 7, 11, 12) .
For the surface design of biomaterials sensitively affecting cells, it is necessary to make up auto-transplantation materials that selectively adsorb biopolymers and activate bone formation cells. Hydroxyapatite (HAp) nano-crystal-coating on the DDM surfaces in a biomimetic environment is an advantageous and mild method 7, [11] [12] [13] . Depending on the coating state and amount of HAp, the local surface area and pore structure will diversify, so that bioactively DDM contribute different proteins-adsorption or cellsadhesion-and-migration characteristics. Moreover, biological
HAp nano-crystals originated from living tissues may function as mineral signal in the recruitment and differentiation of multinucleated giant cells 14) .
The first aim of this study is to design DDM granules using the pulverized granules originated from human teeth by the supersonic demineralization technique. The second one is to investigate effects of supersonic dissolution conditions on the microstructure and biocompatibility for completely or partially DDM granules. The third one is to clarify surface characteristics of the DDM granules coated with HAp nano-crystals modified in a biomimetic environment.
Materials and Methods

Preparation method of DDM granules originated from human teeth
The cooling and high velocity-pulverizing apparatus developed in our previous studies 3, 5, 6) was improved ergonomically and produced commercially 7, 12, 13) . Figure 1 shows new cooling and high velocity-pulverizing apparatus for teeth. Using this apparatus, extracted human teeth were pulverized together with saline ice for 30 s at 12,000 rpm of a ZrO 2 blade in a ZrO 2 vessel to prevent heat denaturation for bone growth factors, such as BMP, in human dentin 7, 11, 12) . The pulverized granules were dissolved in 0.5-2.0 % HNO 3 aqueous solutions by the supersonic treatment at 120 W and 38 kHz or at 600 W and 28, 45, 100 kHz for 5-45 min to obtain partial or complete DDM granules. They were filtrated, washed with distilled water, dried at 283-288 K, and restored in a refrigerator.
Surface modification of DDM granules in a biomimetic environment
As soon as pulverized granules were partially or completely demineralized, filtrated and washed, they were soaked at 309.5 K and pH 7.40 for 1-6 days in simulated body fluid (SBF) solutions to modify the surfaces of DDM and coat with HAp nano-crystals [11] [12] [13] . The SBF means inorganic aqueous solution which ion concentrations and pH nearly equal to those in human plasma.
Surface characterization of DDM granules
The crystalline phase of the samples was identified by X-ray diffraction (XRD) patterns using CuK α1 radiation. Scanning electron microscopic (SEM) photographs and digital microscopic (DM) photographs of the granules were taken to observe the bioactive surface structure. The composition molar ratio of Ca 2+ to PO 4 3-(Ca/P) was determined by electron probe microanalysis (EPMA). The analyses of constituents were conducted using inductively coupled plasma (ICP). Evaluating the surface structure, curves of pore size distribution and specific surface area (BET) were measured by the N 2 -adsorption method at 77 K. The dissolution efficiencies (DE) of the granules were calculated from weight changes before and after the supersonic dissolution to indicate the demineralization state.
Histological evaluation of DDM granules
The partially or completely DDM granules sterilized by UVirradiation were implanted into the subcutaneous tissues of the back region in 4-week-old male Wistar rats. At 2 and 4 weeks after implantation, these samples were explanted 3, 5, 6) . In all procedures, the international guidelines for experiments on animals were followed. The specimens were 10% fixed in neutral buffered formalin, decalcified with 10% formic acid, embedded in paraffin, sectioned, stained with hematoxylin and eosin (H-E), and evaluated by an optical microscope.
Results
Materials design of human teeth-originated granules by the cooling-pulverizing and supersonic demineralization
Extracted human teeth were pulverized for only 30 s using new cooling and high velocity-pulverizing apparatus under a ZrO 2 rotational blade in a ZrO 2 vessel 7, 11, 12) . The pulverized granules having granular sizes of 0.5-2.0 mm and BET specific surface area of 0.40 m 2 g -1 were demineralized in 2.0% HNO 3 solutions by various supersonic dissolution conditions. Figure 2 shows correlations between liquid temperature of the solutions and supersonic time. The liquid temperatures for all the samples gradually increased with increasing supersonic time up to 45 min and they were kept at 293-310 K less than 315 K to prevent denaturation of proteins. Figure 3 shows dissolution efficiencies of the pulverized granules, which were demineralized by the supersonic dissolution in the HNO 3 solutions. DE of about 85% means that the granules were attained to a complete demineralization state. In all cases, DE clearly increased with increasing the supersonic time. At the power of 600W, DE values for DDM treated at 28 kHz were higher than those at other frequencies. The Ca/P molar ratios for the granules were 1.60-1.66, whose values were a little lower to the stoichiometric value of 1.67 for standard HAp. Small amounts of Na + and Mg 2+ present at less than 1% were detected. Figure 4 shows DM surface tissues of pulverized granules and DDM granules derived human teeth. Three kinds of DDM granules were obtained by the supersonic dissolution for 30 min at 600W and 28, 45, or 100 kHz. The DDM granules were a little smaller than pulverized ones and deformed or twisted shape were observed. The DDM granules treated at lower supersonic frequencies gave high er DE. Micro stru ctures o f DDM gran ules in two demineralization states that are partial dissolution and almost complete dissolution at 600W were shown in Figures 5 and 6 11, 12) .
At the partial dissolution of 10 min, DE values were for 61% for 28 kHz, 55% for 45 kHz, and 35% for 100 kHz, respectively. For 100 kHz, surface structure changed to coral-like tissues ( Fig. 5g) . At near the complete dissolution of 30 min, DE values were for 72 % for 28 kHz, 64 % for 45 kHz, 60 % for 100 kHz, respectively. Strawberry-like tissues for 28 kHz, water-weed-like tissues for 45 kHz, broccoli-like tissues for 100 kHz were seen in Figure 6 -e,f,g. Figure 7 shows effects of supersonic time on the microstructure of the DDM granules that were dissolved by the supersonic treatment at 120W and 38 kHz in 2.0 % HNO 3 solutions 11, 12) . As the supersonic time increased, DE values increased and asperity on the surfaces of granules were observed. At 15 min, many dentinal tubules with 1-2 µm were clearly found and the BET 
Biocompatibility and bio-absorption of DDM granules
Partially and completely DDM granules were implanted into the subcutaneous tissues of the back region of rats. Figure 8 shows photomicrographs of H-E sections at 4 weeks after the implantation. The DDM granules dissolved for 45 min had a little samller and more irregular shape than those dissolved for 15 min. In both the cases, the infection and exclusion of the implants were not recognized, but inflammatory cell invasion was seen through bio-absorption of DDM due to the enzyme-digestion 11, 12) .
Modification of DDM granules by the biomimetic coating
To improve the surface activity of DDM granules without denaturation of proteins, the surface structure of DDM was modified in a biomimetic environment 11, 12, 15) . The partially or completely DDM granules by the supersonic dissolution at 120 W and 38 kHz in 2.0 % HNO 3 solutions were soaked at 309.5 K and pH 7.40 for 1-6 days in a SBF. Different morphology and size of HAp nano-crystals were observed, depending on the dissolution efficiency of the pulverized granules. For the partially DDM granules with 50 % DE by the supersonic dissolution for 15 min, HAp nano-crystals were aggregately precipitated on the DDM surfaces, reflecting crystal habit of human teeth. For the completely DDM granules with 86 % DE by the supersonic dissolution for 45 min, effects of soaking time on the microstructure are shown in Figure 9 11, 12) . At 48 h after the soaking, HAp nano-crystals with a few hundreds of nanosize were almost homogeneously coated on the surfaces of the granules, while at 144 h, porous bone-like apatites with 2-5 m were found on the DDM granules.
Discussion
The samples obtained by the cooling-pulverizing of extracted human teeth exhibited the granular size distribution of 0.5-2.0 mm that was efficient for regeneration of alveolar bone. The pulverized granules were demineralized at pH 1.0 in strong acid solutions by different supersonic dissolution conditions. Generally, the applicable frequency for supersonic cleaning of materials is divided into three frequencies, such as 28 kHz for hard and rough cleaning, 45 kHz for normal cleaning, and 100 kHz for microcleaning. Agathopoulos et al. 17) demonstrated that razor shells added into H 3 PO 4 solutions were ultrasonically reacted at 383K for 8h to produce various calcium phosphates and that the ultrasonically assisted method would a very safe and reliable technique for production of bioceramics from aragonite structure. However, the dissolution reaction of DDM granules in acid solutions should not denature proteins or damage bone growth factors by the supersonic treatment for a long time at higher liquid temperature. We investigated effects of the supersonic power and frequency on the liquid temperature and dissolution efficiency of the pulverized granules. During the supersonic demineralization for the pulverized granules, proteins and bone growth factors of dentin would be hardly denatured because liquid temperatures for all the samples were kept at 293-310 K less than 315 K (Fig.   2 ). Regardless of supersonic power and frequency, DE of the granules clearly increased with increasing the supersonic time ( Fig.   3 ). Human tooth is mainly constituted by enamel in the surface layer, dentin in the second layer, and dental pulp inside. Dentin consists of 70 % for HAp, 20 % for collagen, and 10 % for water. DE of about 85 % by the acid-treatment will mean that the granules were attained to a complete demineralization state. The (Ca/P) molar ratios of the granules were 1.60-1.66, whose values were a little lower to the stoichiometric value of 1.67 for standard HAp, suggesting that partial DDM granules were composites of Ca 2+deficient HAp and collagen.
For the supersonic dissolution at 600 W for 30 min, DDM granules were a little smaller than pulverized ones and shape of DDM deformed or twisted (Fig. 4) . In partially DDM, microstructure of the granules drastically changed depending on the supersonic frequency ( Figs. 5 and 6 ). The diversity in microstructure will be related to the supersonic wave conduction and cavitation in the strong acid solutions because Yasuda 9) reported decomposition of chemical compounds by sonochemistry.
DE decreased with increasing the supersonic frequency. For the supersonic dissolution at 120W and 38 kHz, as supersonic time increased, asperity on the surfaces of granules became outstanding due to elution of mineral components (Fig.   7 ). The specific surface areas increased a little more during the demineralization and physical structure of residual dentinal tubules, such as tube diameter and length, were clearly observed. Body fluid will smoothly permeate through the micro-crack if the DDM granules are implanted into a living body. At 4 weeks after the implantation of DDM granules into the subcutaneous tissues of the back region of rats, completely DDM granules had a little samller and more irregular shape than partial DDM ones ( Fig. 8 ). Small amounts of inflammatory cell invasion suggests bio-absorption of DDM due to the enzyme-digestion 14) .
Acid insoluble collagen of completely DDM would express small effective surface area adhered by general bacteria because of microscopically hydrophobic and flat surface. Provided that DDM granules were implated into living tissues, dentinal tubules would be a pathway delivering nutritional components to the surounded tissues 16) . On the solid surface contacting with blood or body fluid, proteins and electrolytes are easily adsorbed and desorbed. The boundary layer between DDM and body fluid will be very thin and local retention of body fluid will be few by a smooth fluid flow, so that inflammatory giant cells may be hardly adhered 7) . Moreover, it is so difficult for general bacteria to transfer from the surface to bulk region because DDM has small tube diameter and length of dental tubules. Consequently, infection possibility of DDM granules would be lower than that of commertial biomaterials 4) . Accordingly, pulverized granules originated from human teeth can be designed and controlled as the DDM granules with absorption velocity and osteoinduction for cure parts by utilizing the efficient component of teeth or mineralization acceleration ability and selecting the concentration and treatment time of HNO 3 grew to be porous bone-like apatites (Fig. 9 ). The HAp nanocoating formed bioactive surface with specific pore structure and chemical nature 11, 12) . The bioactively DDM will give excellent proteins or cytokines-adsorption and osteoinduction because nano-HAp crystals may induce the recruitment and differentiation of multinucleated giant cells 14) . Based on the results above, it was suggested that surfacemodified DDM was one of biomaterials controlling bioabsorbability and osteoinduction which activate bone formation.
Also, the mixtures of DDM and dental pulp might be available for the dental therapy or advanced medical therapy, such as bone defect for periodontal disease, transplantation of teeth, and bone augmentation for implantation 13) .
In conclusion, the functionally DDM granules with biocompatibility were produced using extracted human teeth by the supersonic demineralization and biomimetic coating techniques. Partially or completely DDM granules designed by the new cooling-pulverizing and supersonic dissolution exhibited different microstructure, depending on the supersonic time and frequency. At 4 weeks after the implantation into the subcutaneous tissues of the back region of rats, completely DDM granules had a little smaller and more irregular shape than partially DDM ones. In any cases, infection and exclusion of the implants were not recognized, but inflammatory cell invasion was seen through bioabsorption of DDM due to the enzyme-digestion. HAp nanocrystals were coated on the surfaces of DDM granules by the soaking in biomimetic SBF solutions. Accordingly, bioactively DDM granules designed in this study can be applied as innovative biomaterials for bone-regenerative therapy or engineering by selecting the supersonic demineralization and soaking conditions.
